Tribological behavior of Ti-5Al-2.5Sn, Ti-10V-2Fe-3Al and Ti-38Al carburized via current heating technique with graphite powders was studied. In carburizing, the direct current was applied across the graphite powders and alloys with a fixed electric power from 120 to 180 W for 20 min in argon atmosphere. The alloys were characterized using XRD, SEM, and hardness tester. Tribological behavior of the alloys was examined by pin-on-disk tribological test. Formation of TiC, TiC with VC and Ti 2 AlC with TiC on Ti-5Al-2.5Sn, Ti-10V-2Fe-3Al and Ti-38Al, respectively, could improve surface hardness and reduce friction coefficient leading to improve wear resistance of the alloys. Coatings of TiC totally exhibited higher wear resistance than that of Ti 2 AlC. Improvement of wear resistance was influenced by quality of coatings which could be sorted in descending as TiC, TiC with VC and Ti 2 AlC with TiC in the carburized Ti-5Al-2.5Sn, Ti-10V-2Fe-3Al and Ti-38Al, respectively.
Introduction
Ti alloys are widely used in aerospace, automotive, chemical and biomedical industries owing to their specific properties, such as low density, high strength to weight ratio, good fatigue properties, excellent corrosion resistance and biocompatibility. However, they have the important disadvantage of poor tribological behavior, i.e., high friction coefficients, low abrasive and adhesive wear resistance 15) because they exhibit strong adhesion when in contact with any materials. 6) Therefore, various surface coatings technologies have been developed to improve their tribological behavior. Carburizing is one of the most acknowledged technologies which is widely applied to improve tribological behavior of Ti alloys because it causes formation of excellent coatings of carbide(s). Quality and quantity of carbide(s) formed during carburizing depend on quality and quantity of alloying element(s) in the alloys. For low alloyed Ti alloys, majority of carbide(s) formed is TiC. For high alloyed Ti alloys, majority of carbide(s) formed would be ternary carbide(s), e.g., Ti 2 AlC formed during carburizing of TiAl alloys. 7) TiC has high thermal stability, high melting point (3067°C), high hardness (³3000 HV), high strength, high rigidity, good corrosion resistance, low friction coefficient and high wear resistance.
820) It is regarded as major industrial coatings for many tribological applications. 16, 17) Ti 2 AlC has easy machinability, low density, good electrical and thermal conductivity, excellent thermal-shock and hightemperature-oxidation resistance and good wear resistance. 2125) Various techniques for carbide coating have been applied to Ti alloys and other materials. 720) Among these techniques, current heating technique is the diffusioncarburizing technique applied from the nanofiber-fabrication technique and conventional-pack carburizing. This technique is very simple, low cost, low energy consumption and causes very low contamination to environment. 26, 27) The DC power supply is applied to the materials enclosed in graphite powders causing the change in electrical energy into thermal energy leading to increase in temperature of the materials and diffusion coefficient of carbon. The nascent carbon from the carbonaceous medium is absorbed into the materials by diffusion mechanism and reacts with carbide-forming element to form carbide. The aim of this work is to report on the tribological behavior of Ti-5Al-2.5Sn, Ti-10V-2Fe-3Al and Ti-38Al; which are representative of alpha, beta and gamma Ti alloys; carburized via current heating technique with graphite powders. The correlation between the tribological behavior and surface morphology of the alloys is discussed.
Experimental Procedure
The composition of the titanium alloys used in this study is shown in Table 1 . The rods of the alloys with 20 mm diameter were cut into about 1.5 mm thick disks using low speed diamond saw. The disks were ground by 2,000 grid SiC paper and polished by 0.05 µm alumina slurry. After that, they were ultrasonically cleaned in acetone. The samples were placed between 20 µm-diameter-graphite powders pressed against them with the pressure of 10.3 kPa in glass tube; with the inner diameter of 25 mm and the thickness of 0.2 mm; placed between 2 electrodes in the chamber as shown in Fig. 1 . Direct current was applied across the graphite powders and the samples with the fixed electric power at 120, 140, 160 and 180 W in 99.99% purity argon with the flow rate of 50 mL/min for 20 min. The temperature of the sample was monitored using the type K thermocouple. At the end of the process, the sample was removed from the chamber and cooled down to room 
After that, the wear rate of sample, R W /mm 2 , was calculated from the volume loss and total sliding distance, D S /mm using eq. (2), 28 )
3. Results and Discussions
Carburizing temperature
The temperature at the glass tube closing to the alloys carburized at 120180 W is shown in Fig. 2 . Although it is not the actual temperature of the alloys, it could be used to exhibit comparative information among the test conditions. It is obvious that the temperature increased with the increasing applied electric power. In the first 5 min of carburizing, the temperature increased rapidly. After that, the temperature gradually increased slowly until the end of the process. The carburizing temperature of Ti-38Al is higher than that of the others at the same electric power. It is suggested that the composition of the alloys had an influence on their electrical resistance leading to difference in their carburizing temperature at the same electric power. The temperature had an influence on the diffusion of carbon in the alloys. The diffusion coefficient of carbon in the alloys increased exponentially with the increasing temperature as described by Arrhenius equation,
is a pre-exponential term, Q/J is the activation energy, R/J·mol ¹1 ·K ¹1 is the universal gas constant and T/K is absolute temperature, respectively. As the carbon concentration gradient, ð @c @x Þ/m ¹4 was assumed to be equal for any sample, the flux of carbon through the surface, J/m ¹2 ·s
¹1
depended on the diffusion coefficient as described by Fick's first law,
Therefore, the quantity of carbon diffused into the alloys would increase with the increasing temperature.
EDS
Composition of carbon on the surface of the alloys could be examined by EDS. EDS spectra for uncarburized Ti-38Al and the alloy carburized at 140 and 180 W are shown in Fig. 3 . Ti and Al; the base elements; were detected on all samples whereas C was only detected on the carburized samples. Composition of carbon examined by EDS gave no information about the fraction of the formed carbide(s) and the deposited carbon since the peak of C was contributed by both of them. According to Fick's first law, the composition of C should increase with increasing applied electric power but the C composition of the alloy carburized at 140 W; 12.16 mass%; was higher than that of 180 W; 10.86 mass%. It is suggested that unpredictable quantity of the deposited carbon could be detached from the alloy surface after carburizing. The trend of C composition analyzed by EDS for Ti-5Al-2.5Sn and Ti-10V-2Fe-3Al was similar to that of Ti-38Al.
XRD
XRD spectra for uncarburized Ti-5Al-2.5Sn and the alloy carburized at 120, 140, 160 and 180 W are shown in Fig. 4(a) . There is only HCP-Ti peaks in the pattern of the uncarburized alloy (UC). The patterns of the alloy carburized at 120, 140, 160 and 180 W show the peaks of C and TiC besides that of (101)-HCP-Ti at 40.415°. There was no detection of (100)-HCP-Ti at 35.307°. It is suggested that for HCP-Ti, (101) is more favored than (100) in the range of carburizing temperature. HCP-Ti peaks were slightly shifted among the alloy carburized at 120, 140, 160 and 180 W due to the change of HCP-Ti lattice parameters during the carburizing. Furthermore, the trend shows that relative intensity of the TiC peaks; compared to that of HCP-Ti; at high electric power is stronger than that of low electric power reflecting the increase in TiC formation as the temperature increased. Figure 4 (b) shows XRD spectra for uncarburized Ti-10V-2Fe-3Al and the alloy carburized at 120, 140, 160 and 180 W. There is only HCP-Ti peaks of (101), (102) and (110) at 40.415°, 53.210 and 63.202°, respectively, on the pattern of the uncarburized alloy (UC). There was no detection of BCC-Ti peak in the uncarburized alloy. It is suggested that the alloy was exposed to the temperature below its transus temperature leading it transformed into ¡ phase; 29, 30) with HCP structure; during the alloy production. The patterns of the alloy carburized at 120, 140, 160 and 180 W show peaks of C, TiC and VC with no peak of HCPTi. For only at 120 W, BCC-Ti and Ti 2 AlC were detected. It is suggested that the temperature at the electric power of 120 W was appropriate for the formation of Ti 2 AlC; for this alloy; and was high enough to cause the ¢ phase of the metastable beta alloy become more stable than the ¡ phase. 29, 30) Peaks of TiC and VC are very close because these phases have the same space group of FM-3M and very close lattice parameter; a µ 0.43 nm for TiC 31, 32) and a µ 0.42 nm for VC. 33) XRD spectra for uncarburized Ti-38Al and the alloy carburized at 120, 140, 160 and 180 W are shown in Fig. 4(c) . There are TiAl peaks in the pattern of the uncarburized alloy (UC) and the alloy carburized at 120 W. For the alloy carburized at 140, 160 and 180 W, the TiAl peaks at 44.370, 45.547, 65.495, 66.388 and 79.631°became more relatively strong reflecting (002), (200), (202), (220) and (311) became more favored as the temperature increased. Ti 2 Al and Ti 3 Al were detected due to Al content in the alloy was high enough or these HCP intermetallics were stabilized by dissolute carbon 34, 35) during the carburizing. Peaks of Ti 2 AlC, TiC and C are shown in the spectra of the alloy carburized at 140, 160 and 180 W. Carbon is not thermodynamically stable within TiAl causing reaction between C and TiAl leading to the formation of Ti 2 AlC and TiC.
36) The peak intensity of these phases is relatively high in comparison with that of TiAl; especially the peak intensity of Ti 2 AlC in the spectrum of the alloy carburized at 180 W; reflecting the increase in quantity of these phases with the increasing electric power.
Surface morphology
Surface morphology of the alloys carburized at 120, 140, 160 and 180 W is shown by SEM images in Fig. 5 revealing the progress of the phase formation as the electric power increased. The surface morphology was changed from the plain surface of the uncarburized alloys to the slightly-rough surface during carburizing due to formation of the phases detected by XRD. In Fig. 5 , flake graphite and plate graphite were indicated as "Graphite" and TiC, VC and Ti 2 AlC grains were indicated as "Carbide". The carbide grains were agglomerated-equiaxed grains while graphite had the flake or plate shape and was deposited on the carbide grains. SEM image of Ti-5Al-2.5Sn carburized at 120 W in Fig. 5(a) shows slightly-plain surface with small quantity of the phase formation. It shows that TiC grains with the size less than 1 µm were formed on surface of the alloy carburized at 140 W. SEM image of the alloy carburized at 160 W shows agglomerate-dense surface of TiC in majority with small quantity of flake graphite. The surface morphology of the alloy carburized at 180 W was quite sparser; which is believed that caused by exfoliation of TiC; with more flake graphite covered on the surface in comparison with that of 160 W. The morphologies of TiC and graphite were in agreement with the other works 15.
37,38) SEM image of Ti-10V-2Fe-3Al carburized at 120 W in Fig. 5(b) shows the fine TiC grains; with the size less than 0.4 µm; and flake graphite; with the size of 12 µm; formed on the surface. As the electric power increased, some flake graphite developed to plate graphite leading to the size of graphite covered on surface of the alloy carburized at 160 W was larger than that of 140 and 120 W. According to the XRD results, it is believed that there was the formation of TiC and VC but they were covered by the graphite. The surface morphology of the alloy carburized at 180 W was quite sparser than that of 160 W. It seems that there was exfoliation of some plate graphite revealing the sparse-agglomerate TiC below. SEM image of Ti-38Al carburized at 120 W in Fig. 5(c) shows fine-dispersed grains; with the size less than 1 µm; of the phase formed on the surface. The grains tended to agglomerate for the alloy carburized at 140 W. In comparison with the surface morphology of Ti-5Al-2.5Sn and Ti-10V-2Fe-3Al, the fine-agglomerate-dense surface of Ti-38Al carburized at 160 W could possibly to be mixture of TiC and Ti 2 AlC because the formation of Ti 2 AlC causes grain size decrease in TiAl alloys 35) and it corresponded to the XRD result. There was small quantity of flake graphite on the agglomerate. The surface morphology of the alloy carburized at 180 W was quite denser than that of 160 W. It seems that there was no exfoliation of the surface as occurred in Ti-5Al-2.5Sn and Ti-10V-2Fe-3Al due to lower quantity of TiC formation in Ti-38Al.
Coatings characteristic
Cross-sectional SEM images of the alloys carburized at 140 and 180 W are shown in Fig. 6 . It is evident that there was the coating layer; of the phases formed during carburizing; on surface of the carburized alloys. The coating layer on Ti-5Al-2.5Sn carburized at 140 W was dense and uniform; with the thickness of about 1.5 µm. The coating layer on the alloy carburized at 180 W was nonuniform; with the thickness ranging from 1.5 to 3 µm; caused by the exfoliation of TiC. The characteristic of coating layer on Ti-10V-2Fe-3Al was quite similar to that of Ti-5Al-2.5Sn. The coating layer on the alloy carburized at 140 W was quite uniform with the thickness of about 4 µm. There was small exfoliation of the carbide occurred in the coating layer. The coating layer on the alloy carburized at 180 W was nonuniform; with the thickness ranging from 2.5 to 4.5 µm; caused by the exfoliation of the carbide as well. The exfoliation occurred in Ti-5Al-2.5Sn seemed to be severer than that in Ti-10V-2Fe-3Al since the coating layer seemed to be detached from the surface while the coating layer on Ti-10V-2Fe-3Al still attached to the surface reflecting the different characteristic of TiC and TiC-with-VC coatings. The characteristic of coating layer on Ti-38Al was quite different from that of Ti-5Al-2.5Sn and Ti-10V-2Fe-3Al. The coating layers on Ti-38Al carburized at 140 and 180 W were dense and uniform; with the thickness of about 3.5 and 5.5 µm, respectively. There was no exfoliation occurred in the alloy carburized at 180 W as that in the other 2 alloys reflecting the characteristic of the coatings on Ti-38Al; Ti 2 AlC with TiC; that which different from that of the other 2 alloys.
Hardness
Hardness of the uncarburized alloys and the alloys carburized at 120, 140, 160 and 180 W is shown in Fig. 7 . The trend shows that hardness of the alloys increased with increasing applied electric power. The increase in hardness was greatly influenced by quality and quantity of the carbide(s) formed on alloy surface. There were 2 important factors causing the effect of carburizing on Ti-5Al-2.5Sn to be the greatest among the 3 alloys. TiC; which its hardness (³3000 HV 18, 19, 39) ) is the highest in comparison with VC (³2500 HV 33, 39, 40) ) and Ti 2 AlC (³500 HV 41) ); was the only carbide formed and Ti content of the alloy was the highest among the 3 alloys promoting the largest quantity of TiC formation. These factors also caused the effect of carburizing on Ti-10V-2Fe-3Al to be greater than that on Ti-38Al. The Hv0.1 of Ti-5Al-2.5Sn and Ti-10V-2Fe-3Al carburized at 160 W are the highest at 651.36 « 27.57 and 541.68 « 27.08 HV, respectively. However, Hv0.1 of Ti-5Al-2.5Sn and Ti-10V-2Fe-3Al carburized at 180 W were decreased to be 502.10 « 25.10 and 444.62 « 22.23 HV, respectively. It is suggested that there was large quantity of TiC formation on the surface at high temperature leading to exfoliation of the carbide caused by the internal stress. The suggestion corresponds to the surface morphology reviewed in Fig. 5(a) , Fig. 5(b), Fig. 6(a) and Fig. 6(b) . Nevertheless, Hv 0.1 of Ti-38Al carburized at 180 W; 528.24 « 26.48 HV; was not (a) (b) (c) Fig. 6 Cross-sectional SEM images of (a) Ti-5Al-2.5Sn, (b) Ti-10V-2Fe-3Al and (c) Ti-38Al, carburized at 140 and 180 W. Fig. 7 Hardness of Ti-5Al-2.5Sn, Ti-10V-2Fe-3Al and Ti-38Al as a function of applied electric power.
lower than that of 160 W; 434.03 « 47.74 HV; as occurred in the other 2 alloys. It is believed that small quantity of TiC formation in the alloy; in comparison with that of Ti 2 AlC; caused low internal stress and no exfoliation of the coatings as shown in Fig. 5(c) and Fig. 6(c) .
Tribological behavior
Optical images of the alloys after pin-on-disk tribological test are shown in Fig. 8 . Wear track morphology of uncarburized alloy is obviously different from the carburized alloy. Wear track of the uncarburized alloy appears to be sharp and uniform with fine abrasions. Wear track of carburized alloy appears to be rough and nonuniform, especially at the wear-track boundary, e.g., the wear track of the alloy carburized at 180 W; which was similar to that of 120, 140 and 160 W; shown in the figure. Some parts of coating layer in the wear track of carburized alloy were worn away appeared as light area in the image. Nonuniform wear track reflected high roughness of the coating layer.
SEM images of wear-track morphology are shown in Fig. 9 . The sliding of the pin was in the direction from left to right of the image. The morphology of uncarburized alloys (UC), especially that of Ti-5Al-2.5Sn and Ti-10V-2Fe-3Al, appears to be rough and deformed with the small pieces of materials detached from the worn surface. The plastic deformation occurred in the wear track reflecting the ductility of uncarburized alloys. The morphology of carburized alloys was clearly different from that of uncarburized alloys. The images reveal the coatings covered by flake graphite that which pressed by the pin and became close to the coatings in comparison with unworn surface in Fig. 5 . The images of Ti-5Al-2.5Sn carburized at 140 and 180 W reveal the worn surface covered by graphite. There were microcracks and the exfoliation of graphite occurred on the worn surface but it is suggested that they had very low influence on wear behavior of the alloy. The graphite covered on the surface of the alloy carburized at 180 W seemed to be richer than that on 140 W. The dark and light areas in the image of the alloy carburized at 180 W reflected high roughness of the surface caused by the exfoliation of the coatings as shown in Fig. 5(a) and Fig. 6(a) . The wear-track morphology of Ti-10V-2Fe-3Al carburized at 140 W shown in Fig. 9 (b) reveals the worn surface covered by graphite in the same way as that of Ti5Al-2.5Sn. The graphite covered on surface of the alloy carburized at 180 W was richer than that of 140 W and caused the morphology of the worn coatings and wear debris particles were covered. The wear-track morphologies of Ti38Al carburized at 140 W and that of 180 W were very similar, as shown in Fig. 9 (c). The worn surface was covered by graphite in the same way as that of the other 2 alloys. Friction coefficient of the alloys; for some conditions; collected during the test is shown in Fig. 10 . Friction coefficient of the uncarburized alloys is higher than that of the carburized alloys. It increased rapidly in the first 5 m of the sliding distance, after that, it became more stable; with high fluctuation; at about 0.23, 0.25 and 0.45 for Ti-5Al-2.5Sn, Ti-10V-2Fe-3Al and Ti-38Al, respectively. The friction coefficients of any alloy carburized at 120180 W were quite close; in the range of 0.1; and they were much lower than that of uncarburized alloy. Only the friction coefficients of the alloys carburized at 180 W were chosen to be the representative of carburized alloys in order to avoid the confusion of curves overlap. The trend shows that they were slightly increase during the test with the mean value of about 0.07, 0.08 and 0.08 for Ti-5Al-2.5Sn, Ti-10V-2Fe-3Al and Ti-38Al, respectively. The decrease in friction coefficient of the carburized alloy caused by the good tribological behavior of carbide(s) 1117, 21, 22) formed on the alloy surface and lubrication of carbon. 42) Among the 3 alloys, Ti-38Al had the most reduction in friction coefficient after carburizing reflecting low friction of its coatings consisting of Ti 2 AlC in majority.
Wear rates of the uncarburized alloys and the alloys carburized at 120, 140, 160 and 180 W are shown in Fig. 11 . It is obvious that the wear rate of uncarburized Ti-38Al was about 4 orders of magnitude higher than those of Ti-5Al-2.5Sn and Ti-10V-2Fe-3Al reflecting the wear resistance of HCP Ti is superior to that of ordered FCC TiAl. The lower friction coefficient caused the lower wear rate of uncarburized alloys and the wear rate of the alloys could be sorted in ascending as Ti-5Al-2.5Sn, Ti-10V-2Fe-3Al and Ti-38Al, respectively. Carburizing by current heating technique with graphite powders had a great effect on improvement of wear resistance of the 3 alloys. Wear rates of carburized Ti-5Al-2.5Sn, Ti-10V-2Fe-3Al and Ti-38Al, in average of all carburizing conditions, were 98.7, 97.3 and 85.9% reduction, respectively. Carbide(s) and carbon formed on alloy surface could improve tribological behavior of the alloys by increased hardness and decreased friction coefficient. It is suggested that carbon lubrication had small contribution on the tribological behavior in comparison with the effect of carbide(s) since the wear rate of carbon-rich-coatings Ti-10V-2Fe-3Al carburized at 180 W; as shown in Fig. 11 ; are almost the same as that of Ti-5Al-2.5Sn carburized at 180 W. There was the significant difference in characteristic of TiC and Ti 2 AlC coatings observed in this study. TiC coatings had high hardness and low friction coefficient but had high tendency to exfoliate when the formation increased; with increasing applied electric power; leading to decrease in hardness but it did not affect to the wear rate since the remaining coatings could withstand the abrasion; for 50 m sliding distance. Ti 2 AlC coatings had high hardness and low friction coefficient. Although its hardness was lower than that of TiC, there was no exfoliation of the coatings leading to increase in hardness and improve tribological behavior with increasing formation of the coatings. Moreover, according to the average percent reduction of the wear rate of the 3 alloys, improvement of wear resistance was influenced by quality of coatings which could be sorted in descending as TiC, TiC with VC and Ti 2 AlC with TiC in the carburized Ti-5Al-2.5Sn, Ti-10V-2Fe-3Al and Ti-38Al, respectively.
Conclusion
Tribological behavior of Ti-5Al-2.5Sn, Ti-10V-2Fe-3Al and Ti-38Al was improved after they were carburized via current heating technique with graphite powders due to formation of TiC, TiC with VC and Ti 2 AlC with TiC, respectively. There was small contribution of carbon lubrication in comparison with the effect of carbide(s). Coatings of these carbides could improve surface hardness and reduce friction coefficient of the alloys. TiC coatings had high tendency to exfoliate when the formation increased, with increasing applied electric power, leading to decrease in hardness at high electric power but it did not affect to wear rate since remaining coatings could withstand the abrasion. For Ti 2 AlC coatings, although its hardness was lower than that of TiC, there was no exfoliation of the coatings leading to increase in hardness and wear resistance with increasing formation of the coatings and increasing applied electric power. Coatings of TiC totally exhibited higher wear resistance than that of Ti 2 AlC. Improvement of wear resistance was influenced by quality of coatings which could be sorted in descending as TiC, TiC with VC and Ti 2 AlC with TiC in the carburized Ti-5Al-2.5Sn, Ti-10V-2Fe-3Al and Ti-38Al, respectively.
